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R438this remains to be proven. It is worth
noting that these results implicating
PPA and RSC in the coding of spatial
information do not exclude the
possibility that these regions might
also encode nonspatial information,
such as color, texture, or statistical
summaries of visual features, which
might give important cues for scene
recognition. Nor do they preclude the
possibility that PPA and RSC might
encode a broader set of spatial
relationships that would fall under the
more general rubric of ‘‘contextual
associations’’ rather than just spatial
layout alone [18].
Finally, an especially intriguing
aspect of the current findings is the
observation of scene-selective
responses in blind subjects, including
three participants blind from birth.
These subjects have never perceived
a scene through sight, so they must
have become accustomed to learning
about scene geometry through other
routes. Do blind navigators use
auditory cues to perceive the structure
of a room? Or do they use idiothetic
cues to keep track of locations within
the room, building up a representation
of spatial layout over time [19,20]?
Answering these questions is
important not only for understanding
navigation in the blind, but alsofor understanding the spatial
representations common to blind and
sighted navigators.References
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the BulbHigh-resolution tracing of projections from the olfactory bulb to its cortical
targets revealed coarse topography and stereotopy in some areas but highly
distributed, combinatorial connectivity in others. These results provide a basis
for understanding innate and associative olfactory processing and perception.Rainer W. Friedrich
Although the cerebral cortex is
overwhelmingly complex, many
sensory cortices are spatially
organized by simple topographic
principles. The mammalian visual
cortex, for example, contains a map of
visual space that is established through
a series of precise topographic
connections from the eye. Similarly,
orderly projections set up maps of
stimulus features in other sensory
cortices. However, topographic maps
are not omnipresent — the visualcortex of turtles, for example, lacks
a precise two-dimensional map of
visual space [1]. Four recent studies
[2–5] now report that topography is not
a prominent feature of projections from
the first processing center in the
olfactory system, the olfactory bulb, to
higher brain areas in the mouse.
Projections to two cortical targets, the
anterior olfactory nucleus (AON) and
the cortical amygdala, are
topographically organized at coarse,
but not at fine, spatial scales. No
topography whatsoever was found in
projections to piriform cortex, thelargest target area. These results
provide a hard anatomical foundation
for understanding the organization of
higher olfactory brain areas — and
ample food for thought.
From the Olfactory Bulb to Higher
Brain Areas
Input to the olfactory bulb from the
nose terminates in a stereotyped array
of glomeruli. Within each of the
approximately 2000 glomeruli of the
rodent olfactory bulb, thousands of
sensory neurons expressing the same
odorant receptor converge onto
approximately 20–50 principal
neurons, the mitral/tufted (MT) cells.
Odors are represented by the
activation of distributed combinations
of glomeruli. Glomerular activation
patterns can be biased towards
subregions of the olfactory bulb by
particular molecular features, but
nearby glomeruli frequently respond to
chemically different sets of odorants
Amygdala
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Figure 1. Projections from the olfactory bulb to cortical target areas.
Schematic summary of some results obtained by antograde tracing of MT cells associated
with individual glomeruli and retrograde tracing of MT inputs to small groups of cortical
neurons. MT cell projections from glomeruli in the olfactory bulb to the anterior olfactory
nucleus are not point-to-point, but preserve dorso-ventral topography. Projections from indi-
vidual glomeruli to the cortical amygdala have overlapping, yet circumscribed, terminal fields.
The location of terminal fields is stereotyped and depends on the glomerulus. Projections to
piriform cortex show no topography. Individual MT cells have varicose branches throughout
piriform cortex. Branching patterns of sister MT cells from the same glomerulus (red vs.
pink) were no more similar than those of heterotypic MT cells (red vs. blue).
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R439[6,7]. Odor representations, therefore,
show only a loose topographic
organization with respect to chemical
space already at the first processing
stage in the olfactory bulb. Neuronal
circuits within the olfactory bulb
reorganize activity across MT cells
in space and time and diversify
odor-encoding activity patterns.
However, excitatory convergence of
multiple processing channels, which
is thought to mediate associations
between molecular features of
olfactory objects, appears to occur
mainly in higher brain areas [8,9].
How are odor-encoding activity
patterns transmitted from the olfactory
bulb to higher brain areas? Individual
MT-cell axons diffusely innervate
multiple target areas, including the
AON, cortical amygdala, and piriform
cortex [9], but a precise understanding
of these projections has been lacking.
In particular, it has been unclear
whether MT-cell projections are
determined by the identity of their
home glomeruli. Three recent studies
[2–4] have succeeded in following small
cohorts of MT-cell axons from
identified glomeruli to their targets by
electroporation or viral expression of
fluorescent tracers. A fourth study [5]
traced MT cells connected to small
populations of cortical neurons back to
the olfactory bulb. This was
accomplished by an elegant
combination of conditional gene
expression methods and
a transsynaptic viral tracer that crosses
only one synapse [10]. Results from
these studies now provide a detailed
picture of the anatomical relationships
between the array of glomeruli and
higher brain areas.
Coarse Topography and Stereotopy
Projections from the olfactory bulb
to the AON were found to preserve
the dorsoventral, but not the
anterior-posterior, axis of the olfactory
bulb (Figure 1) [5]. Consistent with
previous studies, topographic
projections were also found to the pars
externa, a distinct subdivision of the
AON that mediates topographic
communication between the two
olfactory bulbs. However, projections
of individual axons were diffuse and
overlapping, indicating that
topography is not maintained at finer
scales [3].
Point-to-point topography was also
not found in MT-cell projections to the
cortical amygdala. However, MT cellsfrom identified glomeruli projected to
overlapping, yet spatially restricted,
terminal fields with stereotyped
positions in different animals (Figure 1),
implying that projections are coarsely
topographic and depend on the identity
of the glomerulus [4]. Moreover, MT
cells projecting to the cortical
amygdala were found predominantly,
but not exclusively, in the dorsal
olfactory bulb [5]. The cortical
amygdala has been implicated in innate
olfactory behaviors and conveys
output, via additional relays, to the
hypothalamus. Genetic ablation of
sensory input to the dorsal olfactory
bulb abolished innate aversive
responses to defined odors, but not the
detection of these odors per se [11].
Topographic projections to the cortical
amygdala may, therefore, be part of
hard-wired circuits that mediate
stereotyped olfactory responses.
Similarly, innate olfactory responses
of insects involve stereotyped
projections from the antennal lobe,
a brain area corresponding to the
olfactory bulb, to the lateral horn,
one of its two targets [12].
Distributed Combinatorial
Connectivity
No spatial organization at all was found
in MT projections to the piriformcortex — a paleocortical area that is
thought to be involved in associative
olfactory processing and memory
(Figure 1). Small, local groups of
piriform cortex neurons received input
from MT cells throughout the olfactory
bulb [5], and individual MT cells
projected varicose axon collaterals
throughout piriform cortex [2–4]. No
obvious similarities were observed
between projections of sister MT cells
originating from the same glomerulus.
These striking findings are consistent
with previous studies that found no
apparent chemotopic organization of
odor-evoked activity patterns in the
piriform cortex [13,14]. Indeed, a study
in zebrafish directly demonstrated that
the coarse chemotopy of odor
representations in the olfactory bulb is
not preserved in the target area
homologous to olfactory cortex [15].
Selective responses to odorant
mixtures, as well as recent opto- and
electrophysiological results, indicate
that piriform cortex neurons detect
combinatorial activity patterns across
MT cells [8,13,15–17]. The direct
convergence of functionally different
MT inputs onto the piriform cortex
neurons could be one mechanism
by which this pattern detection is
accomplished. In addition, pattern
detection is likely to involve the
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sparsely connects principal neurons
throughout the piriform cortex [9].
Transsynaptic viral tracing
demonstrated that the average number
of presynaptic MT cells is at least
six-fold higher for superficial
GABAergic interneurons in the piriform
cortex than for pyramidal target cells
[5]. This finding is consistent with
physiological data and may explain
why inhibition in piriform cortex is more
broadly tuned than excitation [18].
Although estimates of convergence
ratios represent a lower bound, the
number of MT inputs to individual
piriform cortex neurons is likely to be
small compared to the total number of
MT cells or glomeruli. This contrasts
with insects, where Kenyon cells in
a higher associative center, the
mushroom body, receive input from up
to 50% of the projection neurons in the
antennal lobe [12,19]. Unlike Kenyon
cells, individual piriform-cortex
neurons may therefore analyze activity
across small ensembles of inputs,
which is likely to have important
consequences for olfactory coding.
Anatomy of Higher Brain Functions
The observed projection patterns in
the piriform cortex argue not only that
connectivity of MT cells is independent
of their spatial coordinates, but
connectivity could even be
independent ofMT cell identity. Indeed,
odor responses of genetically identified
Kenyon cells in Drosophila
melanogaster differ substantially
within and between individuals,
indicating that connectivity between
projection neurons and Kenyon cells
is highly variable [20].
Obviously, variable — or even
stochastic — connectivity generates
a high diversity of input combinations
converging onto higher-order neurons.
This is consistent with the assumption
that the piriform cortex is an
associative area that detects
combinations of molecular features,forms and refines representations of
olfactory objects, and stores odor
representations in memory [8,9].
Essentially all humans agree that
rotten fish stinks, or that the smell of
certain flowers is pleasant. This
consistency of basic odor perception
would be difficult to reconcile with
stochastic connectivity alone,
suggesting that it involves stereotyped
circuits. Future experiments may thus
test the hypothesis that areas such as
the piriform cortex are primarily
involved in fine odor discrimination
and/or memory whereas basic
perceptions are mediated by more
stereotyped areas such as the cortical
amygdala. However, this hypothesis
may also be too simple, considering
that higher olfactory brain areas are
heavily connected to each other and
to the olfactory bulb. It is, therefore,
possible that different olfactory
computations are not carried out
independently in distinct areas, but
distributed across a large-scale
network [9]. High-resolution,
quantitative studies of connectivity are
essential steps towards understanding
such networks in the olfactory system
and elsewhere.References
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